A new strain (R) of cowpea chlorotic mottle virus (CCMV) was isolated from plants of the resistant cowpea plant introduction 186465 which were inoculated with the type strain (T). Strain R was serologicaIly different from five naturally occurring CCMV strains. Furthermore, it was able to replicate in and systemically invade cowpea plants which were resistant to strain T. Pseudorecombinant studies with the RNAs of strains T and R established that RNA I controlled systemic invasion of the resistant cowpea cultivar. Both RNA I and RNA 3 influenced replication in resistant cowpeas. RNA 3 also controlled the composition of the coat protein, while RNA r influenced symptoms in susceptible cowpeas.
INTRODUCTION
Variants of viruses presumably first arise in nature by mutation; subsequent events can lead to selection of strains from a heterogeneous population of virions. Recent studies have demonstrated that variants of cowpea chlorotic mottle virus (CCMV) can be derived by passage through specific hosts. A mild strain (M) was isolated by serial propagation (weekly transfers) in susceptible cowpeas and subsequent passage through susceptible beans (Kuhn & Wyatt, I979) . Also, two variants of CCMV were isolated in a study to determine the nature of cowpea resistance to CCMV (Wyatt & Kuhn, I977a, I979) . When resistant cowpeas were inoculated with the type strain (T), virus replication was restricted to the inoculated leaves and the virus yield was very low. Furthermore, the virus which was isolated from the inoculated leaves of the resistant plants (named CCMV T3d) had less RNA species 3 than the original isolate. Biologically, however, the type strain and T3d appear the same and the differentiating characteristic, RNA 3 deficiency, is lost after intervarietal transfer. Occasionally, symptoms developed on uninoculated leaves of the type strain inoculated resistant plants. Virus from these leaves retained the ability to systemically invade the resistant cultivar and is shown in this paper to be a distinct variant (named strain R).
The object of this study is to relate specific aspects of the resistant reaction (virus movement, replication, symptoms) to specific virus RNA species and to associate changes in virus RNAs with the derivation of a new strain of CCMV. 
METHODS
Virus manipulation. Inoculum of CCMV-T was maintained in susceptible cowpeas, Vigna unguiculata (L.) Walp subs. unguiculata cv. California Blackeye. Each week single lesions were transferred from soybeans, Glycine max (L.) Merr. cv. Bragg, to cowpeas to avoid the development of strain M (Kuhn & Wyatt, I979) . CCMV isolate T3d (Wyatt & Kuhn, 1979) and strain R were maintained in the cowpea plant introduction (PI) 186465, which was resistant to CCMV-T. Isolate T3d could be isolated only from inoculated leaves of PI I86465 and isolate R inoculum was taken only from systemically infected leaves of this cultivar. Most studies were conducted in a greenhouse maintained at 2I to 3o °C.
All CCMV isolates were purified by differential centrifugation and analysed quantitatively as described previously (Wyatt & Kuhn, 1979 )-Low virus concentrations in resistant plants were determined by centrifuging clarified sap extracts directly on sucrose density gradients and analysing the gradient profiles with a planimeter. The measurement of virus at several times after inoculation provided a means of calculating accumulation rates.
Serology. Antisera to strains T and R were prepared by injecting rabbits intravenously and intramuscularly at weekly intervals. The animals were bled during the fourth week. Immunodiffusion tests were conducted in 0.8 % purified Bacto agar prepared in o.2 Macetate buffer (pH 5), o'85 % NaC1, and O.Ol % sodium azide. For certain tests, antisera T and R were cross absorbed with their heterologous antigens in'o.I M-acetate buffer (pH 5) and the remaining antibodies were examined in immunodiffusion tests.
Extraction and analysis of RNA. CCMV-RNA was isolated from pronase-digested virus by phenol extraction (Wyatt & Kuhn, 1977 b) . The RNA (I 2 to I oo/~g/gel) was electrophoresed with Loening's (1967) electrolyte at 18 °C on 2.3% polyacrylamide gels containing 8 M-urea. Before electrophoresis, the aqueous solution of RNA, containing dimethyl sulphoxide (9o%) and mercaptoethanol (o-oI %), was heated for 5 min at 6o °C, then cooled quickly. After electrophoresis, unstained gels were analysed with a photovolt densitometer set to detect 254 nm absorbing material. For fractionation of individual RNAs, the procedure of Dolja et al. (1977) was modified as follows. Gels were stained briefly with toluidine blue-O in acetic acid: 2-methoxyethanol: water (IO: 40: 50). Gel slices containing RNA were placed in a medium (pH 9) consisting of glycine (0"05 i), ethylene diamine tetra-acetic acid (o.ooi M) and SDS (o"o5 %) and extruded through a syringe needle to break the gel. The slurry was stirred for 6 h at 4 °C, then centrifuged to remove large acrylamide gel fragments. The preparation was mixed with phenol and the aqueous phase was then reduced in volume to approx. I to 2 ml by repeated extraction with I-butanol. The RNA was concentrated by precipitation with 2 vol of ethanol plus several drops of 3 M-Na acetate. The precipitate was dissolved in water and 4 M-LiC1 was added to a concentration of 2 M. The RNA was salted out during 24 to 48 h storage at -2o °C. The precipitated RNA was recovered by centrifugation, dissolved in water and stored frozen until use.
Pseudorecombinant studies. Various mixtures of the fractionated RNAs were prepared at a concentration ofo-4 #g/ml for each RNA species. The mixtures were applied to the primary leaves of Bragg soybeans. In order to increase the amount of infectivity in single local lesions, the leaves were excised 3 h after inoculation and incubated in Petri dishes with moist filter paper in the dark at 3o °C. Three days later, single lesions were excised and used to inoculate three plants each of resistant and susceptible cowpeas. 
Derivation of CCMV strain 29r RESULTS
Isolation of strain R When primary leaves of resistant cultivar PI i86465 were inoculated with CCMV-T, virus could not bedetected in symptomless, uninoculated leaves. Periodically, however, a few bright chlorotic spots appeared on the trifoliolate leaves of t to 3 % of the plants. Inoculations with sap from the symptomatic leaves caused a bright chlorosis on the trifoliolate leaves of all PI I86465 plants inoculated (Fig. ~) . The chlorosis caused by new strain R occurred in small discrete areas on uninoculated leaves of PI ~86465 plants rather than in large patches or covering the entire leaflets, as was typically observed on susceptible California Blackeye plants systemically infected with strain T (Fig. I) .
The frequency at which strain R appeared in PI 186465 plants inoculated with CCMV-T could be increased from 3 % or less of the population to nearly IOO % by using either of two techniques. The first method involved increasing the CCMV-T inoculum level from IO to Ioo #g/ml (typical for sap inoculation) to Iooo to Ioooo #g/ml. Although systemic symptoms indicative of strain R usually developed on all plants of the resistant cultivar, the incubation period was I4 to I8 days compared to 5 to 9 days for direct inoculation with strain R. The second method required continuous removal of all emerging trifoliolate leaves for 3 to 4 weeks after inoculation of primary leaves with CCMV-T. Subsequent new growth on most plants exhibited chlorotic mottle. For both techniques the virus in the symptomatic leaves of PI I86465 was identified as strain R, based on host reaction and serology.
Serology
In immunodiffusion tests, strain T (from California Blackeye plants) and isolate T3d (from inoculated leaves of PI ~86465) were similar (no spurs), whereas strain R was serologically different from both in that there was spur development (Table I) . Strain R antiserum gave a distinct spur between strain R and strain T or T3d; with T antiserum the spur between strain R and strain T was definite, but less distinct. Furthermore, cross-absorption studies showed that T and R antibodies remained in solution after the heterologous reactions. All isolates of strain R obtained over a period of several years have been serologically the same.
Host reaction to strain R Symptoms of CCMV strain T and R were indistinguishable on the following hosts: Arachis hypogaea L. cv. Argentine, Chenopodium amaranticolor L., Cucurbita pepo L. cv. Buttercup, Glycine max cv. Bragg, Nicotiana tabacum L. cv. Havana 423 and Hicks, Phaseolus vulgaris L. cv. Bountiful, Pinto and Topcrop. However, both local and systemic symptoms varied with the virus strain and the cultivar of the 12 cowpea cultivars tested. For example, strain T caused a bright chlorosis on California Blackeye plants but strain R caused a mild chlorosis (also less extensive) on the same host; strain T caused no symptoms on inoculated, primary leaves of the cultivars G-226 and Clay, while strain R caused vein necrosis and necrotic rings. Furthermore, on PI t47562, a cowpea line resistant and symptomless to T (Sowell et al. T935; Wyatt & Kuhn, 1979) , strain R caused systemic chlorosis similar to that produced on PI I86465.
Replication of strain R
The replication patterns of strains T and R were studied in inoculated leaves of resistant PI I86465 and susceptible California Blackeye cowpeas. Virus of both strains accumulated rapidly in California Blackeye leaves until 6 days after inoculation; accumulation then ceased and the amount of extractable virus declined slowly. In T-inoculated PI 186465 * Rate determined z to 6 days after inoculation. plants, virus accumulation was very slow and continuous; no cessation of the limited accumulation rate was observed. The accumulation pattern for strain R in PI 186465 was similar to that observed for T and R in susceptible cowpeas (Fig. 2) . The rate of T accumulation in California Blackeye was significantly higher than that of R accumulation in either this cultivar or PI 186465 (Table 2) . However, accumulation of R was about I2 times greater than that of T3d in PI 186465.
Movement of strain R
Strain T was restricted to the inoculated primary leaves of PI I86465 (Wyatt & Kuhn, I979) . The trifoliolate leaves remained symptomless and virus could not be detected by sap infectivity or serological tests, nor when extracts were concentrated by ultracentrifugation. Strain R caused symptoms in uninoculated leaves of PI I86465 host (Fig. I ) and significant quantities of virus accumulated in the trifoliolate leaves (Table 2) .
Both strains moved readily in California Blackeye cowpeas. They produced more virus in the systemically infected trifoliolate leaves of the susceptible host than strain R did in PI I86465 (Table 2) .
Strain identification in systemically-infected leaves was checked by host reaction and serological evaluation. Sap from T-inoculated PI 186465 primary leaves (isolate T3 d) caused no symptoms on PI 186465 and bright chlorosis on California Blackeye; sap from systemically-infected leaves (strain R) caused bright chlorosis on PI 186465 and mild chlorosis on California Blackeye. When cross-absorbed antisera were used in several tests, R was never detected in T-inoculated leaves of resistant plants, nor was T ever detected in non -inoculated leaves. Only strain R was found in the non-inoculated leaves of resistant plants.
ElectrophOretic evaluation of RNAs
The RNAs of CCMV isolated from PI I86465 at three stages of the infection period were analysed by electrophoresis on polyacrylamide gels. Although strain T isolated from California Blackeye plants exhibited an RNA pattern typical for CCMV (Lane, I974), the amount of RNA 3 in the isolate obtained from inoculated leaves of PI 186465 (isolate T3d) was noticeably reduced (Fig. 3 a) . Strain R isolated from trifoliolate leaves of PI 186465 exhibited an RNA profile (Fig. 3 b) similar to that of strain T from systemically infected leaves of California Blackeye.
Pseudorecombinants of strains T and R
The properties of strain R, particularly with regard to its behaviour in PIt 86465 cowpeas, offered an opportunity to analyse some genetic properties of the three heritable RNA species of CCMV. Therefore, the RNAs of strains T and R were isolated, fractionated into 5" Amount of virus produced in inoculated primary leaves of PI 186465. :~ Number of single lesions/attempts that were able to cause detectable amounts of virus to be produced in PI ~86465.
§ Amount of virus produced in uninoculated trifoliolate leaves of PI I86465. H Too little virus was produced in resistant cowpeas to obtain a reliable serological test; however, when the virus was used to inoculate susceptible cowpeas, the virus progeny had strain T coat protein.
¶ After fractionation by gel electrophoresis, o'4 #g/ml of each RNA species was used as inoculum.
individual RNA species and recombined to give all six possible combinations. These pseudorecombinant RNAs were used to inoculate the local lesion host, Bragg soybean. All complete inoculum mixtures containing RNA species I, 2, and 3 caused IO to 4o lesions per leaf, regardless of the source of each RNA species. With any one of the three RNA species missing from the inoculum, either no lesions or occasionally I to 2 lesions per leaf developed.
Single lesions produced by the complete mixtures were then transferred to appropriate test plants and the six phenotypic responses were evaluated as shown in Table 3 . The homologous mixtures of fractionated RNAs of strains T and R caused the same phenotypic responses as intact virions (Table 3) . Combining RNA I from strain R with RNAs z and 3 from strain T resulted in symptoms on both cowpea varieties typical of strain R. In addition, the level of replication, systemic movement and frequency of infection in PI I86465 were all typical of strain R (Table 3) . Replacement of T strain RNA 2 with that of R in the type strain genome resulted in no detectable changes from the responses caused by strain T (Table 3) . Substitution of R strain RNA 3 in the type strain genome changed four of the six responses studied; the level of replication was increased, the coat protein was different serologically, the frequency of infection was increased and, in 2 of 32 single lesion transfers, virus moved systemically in PI I86465 (Table 3 ). In these two systemic infections, symptom development took 3 to 4 weeks instead of the 7 to Io days normally required for strain R. Sap from the systemically infected leaves caused infection (bright chlorosis) in California Blackeye cowpeas but not PI I86465. Furthermore, subinoculation from the California Blackeye plants failed to produce a detectable infection in PI I86465.
The inoculum R1 R2 Ta caused reactions similar to those of R1 T~ T3 while T~ R z Ra produced reactions similar to Tx T2 Ra (Table 3 ). Inoculation with R~ T 2 R3 gave the same result as that obtained with intact R virions; coat protein was identical to that of strain R, replication was rapid in the PI I86465 and the virus moved systemically in that host.
DISCUSSION
A new variant of CCMV (strain R) differed from the type strain in serology, symptoms in cowpeas and ability to replicate in PI I86465. Serologically, strain R is distinct from three serological groups which have already been established (Fulton et al. I975; Kuhn & Wyatt, 1979) Genetic analyses of the RNAs of CCMV have been made previously with several nitrous acid mutants (Bancroft et al. I97I, I972; Bancroft & Lane, 1973) and with one naturallyderived variant (Kuhn & Wyatt, i979) . In the cowpea cultivar PI 186465 the strain T genome is unable to cause normal levels of virus replication and the small amount of virus which is produced in the inoculated leaves contains noticeably less RNA 3 and fails to move systemically. The host resistance was overcome by the replacement of strain T RNA I with strain R RNA I (R1 T~ T3). It is possible that strain T RNA I directs the synthesis of a protein which functions poorly in the resistant host or that RNA I malfunctions during translation or RNA replication.
RNA I and RNA 3 both influence virus replication. With single replacements in the T genome, either RNA I or 3 from strain R appreciably increases levels of virus replication.
There was no direct relationship between virus accumulation and systemic movement of virus in the resistant line. RNA I of strain R caused a high level of virus accumulation and systemic movement. On the other hand, RNA 3 caused a similar quantity of virus to be produced, yet the virus remained in inoculated leaves. However, two plants inoculated with Tt T z Ra gave systemic symptoms which were atypical of those produced by strain R; in addition, the infectivity was very low. We believe a new variant, different from strain R, was responsible for the systemic movement. When the resistant host was inoculated with strain T, virus concentration could be increased two to six times by treating the plants with 2-thiouracil, but no systemic movement occurred (C. W. Kuhn, unpublished results) . Therefore, since increased replication did not promote systemic movement, it appears that RNA I of strain R is essential for systemic movement of CCMV in PI I86465. s.D. WYATT AND C. W. KUHN All genetic studies conducted thus far (Bancroft et al. 197I, I972 ; Bancroft & Lane, I973 ; Kuhn & Wyatt, I979) , including this one, have shown that RNA 3 controls the composition of CCMV coat protein. A change in the coat protein of strain R was not correlated with a change in symptoms in the susceptible cowpea California Blackeye. This provides additional evidence that control of coat protein and symptoms are not genetically linked; RNA 3 of CCMV strain M causes a significant change in symptoms but no alteration of coat protein was detected by serology or tryptic mapping (Kuhn & Wyatt, 1979) .
New strains of CCMV can develop both in susceptible plants, M in cowpeas and beans (Kuhn & Wyatt, 1979) , and in resistant plants, R in PI 186465 cowpeas. For strain M the genetic change in the virus appears to be minor; pseudorecombinant studies demonstrated a change in RNA 3 which affected systemic symptoms. The derivation of strain R in cowpeas resistant to strain T required at least two changes in the virus genome. Certain aspects of the changes could be determined sequentially. Strain T was modified to an intermediate form, T3d , in the inoculated leaves (Wyatt & Kuhn, 1979) . Presumably the intermediate form was altered, thus allowing systemic movement. Finally, strain R was detected in inoculated leaves. Strain R is stable and has remained unchanged when cultured in either California Blackeye or PI t86465 cowpeas since i975. We suggest that the most significant genetic change in the derivation process occurs with RNA I which controlled both movement and replication. Strain R could be detected only after virus movement had occurred. Although 2-thiouracil increased replication significantly, it did not cause systemic movemovement or production of strain R. Therefore a change in RNA 3 alone would be insufficient to produce strain R. The possibility of interaction or interdependence between RNA t and RNA 3 must be considered in future studies.
